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Abstract 
Purpose: To investigate the diurnal variation in axial length and anterior eye 
biometrics, whilst simultaneously measuring intraocular pressure (IOP) with 
dynamic contour tonometry in human subjects. 
Methods: Fifteen young adult near emmetropic subjects had their axial length, 
anterior eye biometrics (central corneal thickness and anterior chamber 
dimensions), and IOP measured at 6 different times across a 24 hour 
measurement period.  Repeated measures ANOVA and sine curve fitting was 
used to analyze the diurnal rhythms in each measured parameter.     
Results:  Axial length was found to undergo significant diurnal variation (p = 
0.0006).  The mean amplitude of axial length change was 0.046 ± 0.022 mm.  
The mean peak in axial length was found to occur at 11:13 am.  Intraocular 
pressure and ocular pulse amplitude were also found to undergo significant 
diurnal change (p <0.0001 and 0.0006 respectively).  The variation in axial length 
exhibited a significant association with the change in IOP (r = 0.37, p = 0.001).  
No significant difference was found between the mean peak times of axial length 
and intraocular pressure.  Anterior eye biometric measures of central corneal 
thickness and anterior chamber depth were also found to undergo significant 
diurnal changes (p < 0.0001 and 0.0368 respectively).  
Conclusion:  Axial length undergoes significant variation over a 24 hour period.  
Associations exist between the change in axial length and the change in IOP as 
measured by dynamic contour tonometry.  These results may have significant 
implications for the role of ocular diurnal rhythms in emmetropization. 
Key words:  Axial length, intraocular pressure, anterior eye biometrics 
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Introduction 
It has been well established that axial length undergoes a significant diurnal 
variation in both animal1-10 and human subjects.11,12  Evidence from animal 
studies indicates that the amplitude and phase of these daily fluctuations in axial 
length may play an important role in the control of eye growth and refractive error 
development.3,5,9  Whilst the pattern of these daily fluctuations in ocular 
dimensions has been well documented, the physiological causes and 
mechanisms underlying these changes are less well understood.  
 
As intraocular pressure (IOP) is also known to undergo diurnal variation in 
animals4,7,13,14 and in humans,15-27 it is conceivable that mechanical expansion 
and contraction of the globe as a result of changes in IOP may be responsible in 
part for the daily rhythms observed in axial length.  It has also been found that 
large alterations in IOP (due to mechanical or surgical interventions) can cause 
significant and predictable changes in axial length consistent with the globe 
expanding and contracting in response to the IOP.28-32  However, the exact role 
of natural IOP variations in the diurnal variation of axial length is still unclear.   
Phase shifts observed between the diurnal rhythms of axial length and IOP 
present in chicks suggest a more complex relationship between the two variables 
than a simple passive stretch of the globe in response to IOP.3  Autonomic 
denervation in chicks has also been found to disassociate the rhythms of axial 
length and IOP.6  A recent study investigating the diurnal variations of IOP and 
axial length in human subjects found similar mean peak times for the two 
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rhythms, but no significant correlation was observed for the amplitude, phase or 
period of the IOP and axial length rhythms in individual subjects.12   
 
Anterior eye dimensions such as corneal thickness33-37 and anterior chamber 
depth38-40 are also known to undergo significant diurnal change.  As axial length 
is typically defined as the distance from the anterior corneal surface to the retina, 
changes in these anterior eye dimensions may influence the observed changes 
in axial length.  IOP measures with most modern tonometric techniques are also 
known to be influenced by the thickness of the cornea.41-46  Given that both axial 
length and IOP measures may be influenced by the dimensions of the anterior 
eye, it is conceivable that changes in anterior eye biometrics could potentially 
confound studies aiming to investigate the relationship between IOP and axial 
length. 
  
To further investigate the factors influencing the diurnal fluctuation in axial length, 
we have measured axial length and anterior eye biometrics (central corneal 
thickness and anterior chamber depth) over a 24 hour period (but not during 
the subjects’ sleep periods) in a group of healthy young adult subjects whilst 
simultaneously assessing IOP using a tonometric technique (Pascal dynamic 
contour tonometry), that is thought to provide measurements of IOP independent 
of corneal thickness and biomechanical properties.47-50   
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Methods 
Subjects and Procedure 
Fifteen young healthy, near emmetropic adult subjects aged between 20 and 27 
years (mean age 22 years) were recruited for this study.  Subjects were primarily 
recruited from the students and staff of the QUT School of Optometry.  Eight of 
the subjects were male.  All subjects were free of any ocular or systemic disease 
and had no history of ocular surgery or significant trauma.  None of the subjects 
were contact lens wearers.  Prior to the study, each subject underwent an initial 
ophthalmic examination to ensure good ocular health and to determine their 
refractive status.  All subjects had normal visual acuity of logMAR 0.00 or better.  
The subjects’ mean ± SD best sphere refraction was found to be -0.3 ± 0.4 DS 
(range +0.25 to -1.125 DS), with a mean ± SD cylinder refraction of -0.2 ± 0.3 DC 
(range 0.00 to -1.00 DC).  No subject exhibited anisometropia of greater than 
0.75 DS.  Slit-lamp biomicroscopy revealed no evidence of narrow anterior 
chamber angles in any subject. 
 
Approval from the university human research ethics committee was obtained 
prior to commencement of the study and subjects gave written informed consent 
to participate.  All subjects were treated in accordance with the tenets of the 
declaration of Helsinki.   
 
This study took place over 5 separate measurement days, with 2-4 subjects 
participating on each day.  On each measurement day, the axial length, anterior 
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eye biometrics and IOP of each subject’s right eye were measured in the sitting 
position every 3-7 hours at 6 separate measurement sessions over a 24 hour 
period.  The initial measurement for all subjects took place in the morning, at 
least two hours after their reported time of awaking on that day.  Following the 
initial measurement, subjects undertook their regular daily activities, and returned 
to the research laboratory for each measurement session.  Over the course of 
the study, measurement sessions occurred at the following mean times: session 
1: 09:40 (range: 08:35-11:00), session 2: 13:00 (12:00-14:10), session 3: 17:30 
(17:00-18:30), session 4: 22:30 (22:00-23:20), session 5: 06:00 (05:00-06:40), 
session 6: 09:20 (08:00-10:20).  One subject was unable to attend for one of their 
scheduled measurement sessions.  Following session 4 (mean time 22:30), 
subjects went to sleep in individual darkened rooms within the research 
laboratory.  To ensure that postural variations in IOP27,51,52 did not influence the 
results, the next morning subjects were woken and were instructed to sit for 5 
minutes with their eyes closed prior to the beginning of measurement session 5.  
At each measurement session, the time taken to perform the entire series of 
measurements on each subject was approximately 20 minutes.  To make sure 
that the axial length and anterior eye biometric measurements were not 
influenced by any corneal epithelial disruption brought about by contact 
tonometry or local aesthetic instillation, the tonometry was always the final 
measurement performed at each session.  
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Axial length (defined in this case as the distance from the anterior corneal 
surface to the retinal pigment epithelium) was measured with the IOLMaster 
(Zeiss Meditec, Jena, Germany).  The IOLMaster is a non-contact instrument 
based upon the principles of partial coherence laser interferometry (PCI)53 and 
has been found to provide highly precise measurements of axial length.54-56  For 
each subject a total of 5 measurements of axial length were taken at each 
measurement session and the mean of these readings calculated.  Any 
measurements of axial length from the IOLMaster with a reported signal-to-noise 
ratio of less than 2.0 were repeated until 5 valid readings were attained.   
 
Anterior eye biometrics were measured using the Pentacam HR system (Oculus 
Inc, Wetzlar Germany).  The Pentacam is a non-contact instrument that utilizes a 
rotating Scheimpflug camera to measure the anterior segment.  Previous studies 
have shown the Pentacam to have excellent repeatability for measuring both 
central corneal thickness57-60 and anterior chamber depth.60-63  We used the 
Pentacam’s “50 picture 3D Scan” measurement mode for all measures.  At each 
measurement session a total of 5 scans were performed on each subject.  Any 
measurements flagged by the instrument’s quality specification as unreliable 
were repeated until 5 valid measures were obtained.  For this study, central 
corneal thickness (CCT) (centred on the corneal apex), anterior chamber depth 
(ACD) (the axial distance from the corneal endothelium to the anterior lens 
surface) and anterior chamber volume (ACV) (calculated for a 12mm diameter 
around the corneal apex) from each measurement were all recorded, and the 
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mean of each parameter calculated for each subject at each measurement 
session.  
 
All IOP measures were carried out using the Pascal Dynamic contour tonometer 
(DCT) (Ziemer Ophthalmic Systems, Port, Switzerland).  The DCT is a contact 
tonometer that works on the principle of contour matching.  The instrument 
outputs mean IOP and ocular pulse amplitude (OPA) (defined as the difference 
between the diastolic and systolic IOP over the measurement time) as well as a 
quality score (where a score of 4 or 5 indicates an unreliable result) for each 
measurement.  The DCT has been found to exhibit good inter- and intra-observer 
repeatability, comparable to Goldmann applanation tonometry.47  Furthermore, 
the DCT has been found to provide IOP measures that are closer to true 
manometric pressures than Goldmann applannation tonometry64 and also less 
influenced by corneal thickness than other tonometric techniques.47-50  
Measurements with the DCT were taken according to manufacturer instructions, 
following the instillation of a drop of local anesthetic (0.4 % oxybuprocaine 
hydrochloride).  A total of 3 DCT measurements were taken for each subject at 
each measurement session and the mean IOP and OPA measures from the 
three measurements calculated.  Any measurement displaying a quality score of 
4 or 5 was repeated until 3 valid measures were obtained.  All DCT 
measurements were taken by one clinician, experienced in the use of the 
instrument.  For one subject at one measurement session, valid readings with 
quality better than 4 were unable to be obtained, and therefore no IOP or OPA 
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measures were recorded for this session for this subject.  Following the IOP 
measurements, a careful slit lamp examination was carried out to ensure that no 
substantial epithelial disruption occurred as a result of the contact tonometry 
procedure or anesthetic drops.   
 
Data Analysis 
Following data collection, the mean axial length, DCT measures (IOP and OPA), 
and anterior eye biometric measures (CCT, ACD, ACV) were calculated for each 
subject for each measurement session.  Based upon the data collected for all 
subjects across all sessions, the average coefficient of variation was 
calculated for each of the measurements, and was found to be 0.08% for 
axial length, 4.40% for IOP, 10.39% for OPA, 0.69 % for CCT, 0.63 % for 
ACD, and 2.14 % for ACV. 
 
 Each individual subject’s data was combined and the group mean for each 
parameter at each measurement session was then calculated.  To investigate the 
significance of changes occurring in the group mean values of each of the 
measured variables over the 24 hour measurement period, a repeated measures 
analysis of variance was carried out with one within-subject factor (time of day).  
The two subjects who did not have complete sets of data from all 6 measurement 
sessions (as outlined above) were not included in this ANOVA, since it required 
all subjects to have 6 complete data sets for all variables.  Each individual 
subject’s average daily axial length, IOP, OPA, CCT, ACD and ACV were also 
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calculated as the mean of all measurements across all sessions for each 
parameter.  The difference from each subject’s daily mean for each variable at 
each measurement session was then calculated.  The amplitude of change (the 
difference between the maximum change and minimum change from the mean) 
in each variable for each individual subject over the 24 hour period was also 
calculated, as well as the group mean amplitude of change in each variable.   
 
To investigate associations between the variations in axial length and the 
variation occurring in the other measured variables, an analysis of covariance 
was carried out as described by Bland and Altman65 for the analysis of repeated 
observations.  This analysis reveals a correlation coefficient (r) and a regression 
coefficient (slope) to describe the relationship between axial length and each of 
the other parameters.  The significance of the association is determined based 
upon the F statistic from the analysis of covariance.  Similar analyses were also 
carried out to investigate the relationship between the change in IOP and the 
change in anterior eye biometrics. 
 
To further investigate the 24 hour rhythms in each of the measured variables with 
a mathematical model, the change from the daily mean of each variable at each 
session for each individual subject was modeled with sine curve fitting.  The best 
fitting sine curve was calculated for each subject from the 6 measurements taken 
of each of the measured variables over the 24 hour measurement period.  The 
following equation was used to fit the data for each variable: 
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The fitted curve therefore had a fixed period of 24 hours, and was defined by 
terms a   (peak to trough difference) and c  (phase).  The parameters a  and 
cwere fit to the data using a linear least squares method.  For each variable, the 
acrophase (i.e. the time at which the peak value occurred) was also determined 
based upon the above model and expressed as the actual clock time of the 
occurrence of the fitted peak.  The group mean peak to trough difference and 
acrophase were also calculated.  To investigate whether the distribution of 
acrophases across our population of subjects for each measured variable was 
statistically different to a Gaussian distribution, the Rayleigh statistical test was 
used.66  The Wilcoxon signed-rank test was used to determine if there were 
significant differences between the group mean acrophase for each of the 
measured variables.  
 
  
Results 
Significant diurnal variation was found to occur in axial length, DCT measures 
and anterior eye biometrics in this population of near emmetropic young adult 
subjects.  Repeated measures ANOVA revealed a significant effect of time of day 
(p < 0.05) for all measured variables.  Table 1 displays the mean values (as 
measured for all subjects across all time points), measured amplitude of 
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change, and repeated measures ANOVA results for all of the measured 
variables.  Pair-wise comparisons (with Bonferroni adjustment for multiple 
comparisons) revealed no significant difference (p>0.05) between the two 
morning measurement sessions carried out at similar times (i.e. session1 
compared to session 6) for all measured variables, indicating minimal day-
to-day variation in the measured parameters. 
 
The group mean axial length calculated from all measurements from all subjects 
was found to be 23.77 ± 0.7 mm.  Axial length displayed a relatively consistent 
pattern of change over the measurement period for all subjects, with the 
measured maximum in mean axial length occurring at measurement session 2 
(mean time of measurement 13:00) and the minimum in the evening at 
measurement session 4 (mean time of measurement 22:30).  The mean 
measured amplitude of change in axial length (maximum to minimum difference) 
for all subjects was 0.046 ± 0.022 mm (range 0.020 – 0.092 mm).  Repeated 
measures ANOVA revealed the diurnal variation in axial length to be highly 
significant (p = 0.0006).  Figure 1 illustrates the mean change in axial length over 
the study period.   
 
Consistent diurnal variations in DCT measures of IOP and OPA were also 
observed.  The group mean IOP was found to be 14.49 ± 1.7 mmHg and mean 
OPA was 2.10 ± 0.79 mmHg.  Both IOP and OPA measures exhibited a 
significant change over the 24 hour measurement period (ANOVA p <0.0001 and 
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0.0006 for IOP and OPA respectively).  The mean measured amplitude of 
change in IOP over the study was 3.12 ± 0.94 mmHg (range 1.97 – 4.97 mmHg) 
and in OPA was 1.27 ± 0.44 mmHg (range 0.43 – 2.50 mmHg).  Both IOP and 
OPA exhibited their mean maximum values at measurement session 1 (9:40) 
and mean minimum values at measurement session 4 (22:30) (Figure 1).   
 
Anterior eye biometrics were also found to undergo significant diurnal change.  
The group mean CCT was 0.532 ± 0.029 mm with a mean amplitude of change 
of 0.018 ± 0.008 mm (range 0.007-0.03 mm) over the 24 hour study period.  The 
mean maximum CCT was observed to occur at measurement 5 (06:00) 
immediately after waking, and the mean minimum in CCT occurred at 
measurement session 4 (22:30) just before subjects went to sleep.  Repeated 
measures ANOVA revealed the change in CCT over the 24 hour study period to 
be highly significant (p <0.0001).  The group mean ACD was found to be 3.16 ± 
0.27 with a measured mean amplitude of change of 0.073 ± 0.037 mm (range 
0.034 - 0.178 mm).  The mean peak in ACD (i.e. deepest ACD) occurred at 
measurement session 4 (22:30) and the mean trough in ACD (i.e. shallowest 
ACD) occurred at measurement session 5 immediately after waking.  The 
change in anterior chamber depth over the course of the study also just reached 
statistical significance (repeated measures ANOVA, p = 0.036).  Figure 2 
illustrates the mean change observed in CCT, ACD and axial length over the 
course of the 24 hour study period.  ACV exhibited a similar pattern of change to 
that observed in the anterior chamber depth throughout the day.  The mean ACV 
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was found to be 187.1 ± 30.1 mm3, with a mean amplitude of change of 15.10 ± 
6.95 mm3 (range 5.6 – 27.3 mm3).  The diurnal change in ACV was highly 
significant (repeated measures ANOVA p <0.0001). 
 
Analysis of covariance revealed a number of significant associations between the 
changes occurring in axial length and the changes in the other measured 
variables (Table 2).  A highly significant positive correlation was found between 
the change in axial length and the change in IOP (r = 0.370, p = 0.001).  The 
regression coefficient for these two variables was 0.0059, indicating a change of 
5.9 μm in axial length for every 1mmHg change in IOP.  Figure 3 illustrates the 
relationship between the change in IOP and the change in axial length.  A 
relatively weak but significant correlation was also found between the change in 
axial length and change in OPA (r = 0.300, p = 0.009) and a weak correlation that 
just reached significance was also found between the change in axial length and 
the change in ACD (r = -0.232, p = 0.045).   The change in IOP was also found to 
have a strong positive correlation with the change in OPA (r = 0.659, p <0.0001) 
and a weak negative correlation with the change in ACD (r = -0.271, p = 0.02). 
 
Sine curve fitting was performed for each subject to provide a mathematical 
model for the 24-hour rhythm occurring in axial length, IOP, OPA, CCT, ACD and 
ACV data.  This modeling provided estimates for each individual subject of the 
mean peak to trough difference and acrophase for each variable.  Table 3 
displays the mean peak to trough difference, and acrophase for each of the 
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measured variables as well as the results of the Rayleigh statistical test.  The 
Rayleigh test revealed that the timing of the peak (acrophase) was significantly 
different from a random Gaussian distribution for all variables measured (p< 
0.05), suggesting that significant synchronized 24-hour rhythms occurred in each 
of the measured variables across our population of subjects.  The Wilcoxon 
signed-rank test revealed no significant difference (p>0.05) between the mean 
acrophases of axial length (mean acrophase 11:13) IOP (mean acrophase 10:23) 
and OPA (mean acrophase 11:30) suggesting that the mean timing of the peaks 
in the rhythms of these three variables coincided.  Ten of the 15 subjects 
exhibited peak times for axial length occurring within 4 hours of the peak of IOP.  
Significant differences were found between the mean acrophase of the axial 
length and CCT (mean acrophase 4:49) (p =0.001) and axial length and ACD 
(mean acrophase 19:13) (p = 0.002) indicating significant phase differences 
between axial length and these other rhythms.   
 
Discussion 
We have shown that significant variation occurs in axial length over a 24-hour 
period in our population of young adult near emmetropic subjects.  Whilst the 
diurnal rhythms in axial length in animals have been well studied, there have 
been relatively few studies exploring the diurnal variation of axial length in human 
subjects.11,12  The mean amplitude of change (0.046 mm) and timing of the peak 
axial length (11:13) found in our present study are in relatively close agreement 
to the results from the two previous studies of the diurnal variation in axial length 
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in human subjects who also used PCI techniques to measure axial length.  
Differences in the age of subjects tested, and/or differences in subjects’ refractive 
status may account for some of the small differences between our current study 
and previous investigations. 
 
We also found that a significant association exists between the variations 
occurring in axial length and the variations of IOP as measured by DCT.   The 
mean phase timing of the peak of these two rhythms also appeared to be similar.  
The association observed between IOP and axial length is consistent with the 
hypothesis of passive expansion and contraction of the globe in response to IOP.  
Previous studies have found significant associations between IOP and axial 
length when large changes in IOP are surgically or mechanically induced,28-32 but 
to our knowledge, this is the first study to show that associations exist between 
the natural, physiological changes in IOP and those of axial length in human 
subjects.  The precise measurements of axial length with PCI and the fact that 
our IOP measures were taken with DCT (and are therefore unlikely to be 
confounded by concurrent changes in corneal thickness), has revealed the 
association between these two physiological rhythms in this study.   
The association found between the change in axial length and IOP, although 
highly statistically significant was not strong (r = 0.370), indicating that only 
14% of the variation in the change in axial length could be accounted for by the 
change in IOP.  The regression coefficient for these two variables suggests 
approximately 5.9 microns of change in axial length per 1 mmHg change in IOP.  
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The mean amplitude of change in IOP was 3.12 mmHg, which based upon this 
regression analysis would lead to 18 microns of change in axial length.  As the 
measured mean amplitude of change in axial length was 46 microns, the total 
change observed in axial length cannot be explained completely by the change in 
IOP.  Changes in IOP therefore may be involved in the diurnal variation of axial 
length in human subjects, but are not the sole reason for the changes observed.  
Changes in choroidal thickness,3,7-9 and/or scleral proteoglycan synthesis67 as 
noted in previous animal studies may potentially also be involved in the diurnal 
variation of axial length in human subjects.  As the IOLMaster measures from 
anterior cornea to the retinal pigment epithelium, it cannot differentiate choroidal 
thickness changes from scleral changes and therefore further research is 
required to comprehensively characterize the origins of the axial length changes 
found.   
   
The fact that the diurnal change in IOP and axial length exhibit a significant 
association may have important implications for eye growth and refractive error 
development.  Liu et al68 found that young subjects with moderate levels of 
myopia exhibited differences in both the amplitude and phase of their 24 hour 
rhythms of IOP compared to age matched emmetropic or mildly myopic subjects.  
As we have found that associations exist between the change in IOP and the 
change in axial length in our population of emmetropic subjects, it is plausible 
that a population of young myopic subjects may exhibit differences in their 
pattern of diurnal axial length change compared to our study population.  Studies 
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with animals have found that significant differences exist in the phase of axial 
length rhythms in chicks undergoing myopic eye growth, and it has been 
suggested that these rhythms may play an important role in the control of eye 
growth in these animals.3,5,9  Further research to characterize the diurnal rhythms 
occurring in axial length and IOP in human myopic subjects may therefore help to 
clarify the etiological factors involved in the development of myopia and the 
control of eye growth in humans. 
 
The diurnal variation in IOP has been the focus of numerous investigations.  
Previous studies investigating the diurnal variation of IOP have used a number of 
different tonometric techniques including Goldmann applanation tonometry,18,22 
pneumotonometry,25,27 non contact “air-puff” tonometry19,20,24 and Tono-pen.23  
All of these tonometric techniques have been found to be influenced to different 
degrees by corneal thickness.41-46  Our current study is one of the first to report 
on the diurnal variation of IOP with DCT, a tonometric technique that is not 
influenced by corneal thickness.  Our results however showed the same general 
trend as a number of the previous studies in healthy adult subjects using older 
tonometric techniques, with most subjects exhibiting their peak in IOP in the 
morning, and their minimum or trough in IOP observed in the 
afternoon/evening.15,19,22,24,25,27,69  The magnitude of change that we found in IOP 
(mean amplitude of 3.12 mmHg) is also consistent with previous studies into the 
diurnal variation of IOP in similar populations of healthy young adult non-
glaucomatous subjects.25,27,69  Patients with glaucoma have been found to exhibit 
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differences in their diurnal pattern of IOP change15,22,70-72 and diurnal variations in 
IOP may also be an important risk factor in the development and progression of 
glaucoma.73-75  As the use of DCT helps to remove some of the variability in IOP 
measures associated with corneal biometric parameters, investigation of the 
diurnal variation in IOP with DCT in glaucomatous subjects may help to further 
the understanding of the role of these IOP variations in glaucoma. 
 
A recent study by Hamilton et al76 reported highly significant associations 
between the change in IOP and the change in CCT after waking, suggesting that 
peaks in IOP measured upon waking may relate to errors in IOP estimates due to 
the overnight swelling in corneal thickness (due to the associations between IOP 
and corneal thickness with applanation tonometers).  Our current study with the 
DCT, generally did not find peaks in IOP to occur upon waking (for the majority of 
our subjects), and also found no significant association between the change in 
CCT and IOP (r= 0.14 p = 0.23).  As DCT measures are less influenced by 
corneal thickness measures than other tonometric techniques, our findings are in 
general agreement with the suggestion of Hamilton et al76 that peaks in IOP upon 
waking may relate to errors in IOP estimates due to corneal swelling.  It is also 
possible that any peaks in IOP as a result of sleep may have subsided before our 
DCT measures were carried out, (the data collection procedures at each 
measurement session took approximately 20 minutes to complete after subjects 
awoke), as it has been shown previously that peaks in IOP during sleep return 
rapidly to normal levels within 15 minutes of waking.19,20  We did not want to 
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interrupt our subjects’ sleep patterns with the relatively lengthy measurement 
protocol (i.e. 20 minutes), so we therefore did not take any measurements with 
the DCT during the subjects’ sleep period.  However, it may aid in the 
understanding of the “true” IOP during sleep, to investigate the IOP with DCT 
during the nocturnal/sleep period. 
 
DCT also provides measures of the OPA, a parameter thought to provide 
information regarding intraocular blood flow as it represents the dynamic 
changes occurring in IOP with the cardiac cycle (i.e. the change that occurs in 
IOP when a bolus of blood enters the ocular circulation with the cardiac pulse).  
We have demonstrated that significant change occurs in this parameter over a 24 
hour period, with the highest levels being present in the morning and lowest in 
the evening.  A previous study utilizing the Langham Ocular Blood Flow System 
also reported a slight decrease in OPA in the evening compared to daytime 
measures in normal subjects.77  Other studies,78,79 including a recent study using 
DCT79 have reported no significant diurnal variation in OPA over their 
measurement period.  However, neither of these two recent studies78,79 
measured OPA over a 24 hour period.  By collecting OPA data from our subjects 
over a 24 hour period we were able to establish that significant diurnal variation 
does occur in this parameter.  The decrease in OPA at night could be indicative 
of a decrease in ocular blood flow at this time.  However, the change in OPA may 
simply be related to the observed association between OPA and IOP.  We found 
that a significant positive correlation existed between the change in IOP and the 
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change in OPA.  Previous cross sectional studies have also noted a significant 
positive association between IOP and OPA in normal subjects.80-82   
 
We have also observed that significant changes occurred in anterior eye 
biometrics over the 24 hour study period.  The significant swelling of the cornea 
observed in our subjects on waking is consistent with previous studies into the 
diurnal variation in CCT.33-37  Axial length was also observed to be increased 
upon waking (compared to the previous night time measure), which is consistent 
with the corneal swelling upon waking contributing to this axial length change.  
However, no significant association was found between the change in axial 
length and the change in CCT (r = 0.07, p = 0.56). 
 
Whilst there have been numerous studies investigating the diurnal variation in 
CCT, there have been only relatively limited studies investigating the diurnal 
change in ACD.  We found a significant change in ACD over the 24 hour study 
period, with the maximum ACD observed at night and the minimum observed in 
the morning.  The changes found in ACD were out of phase with the changes in 
axial length and IOP, with peaks in ACD occurring at a similar time to the troughs 
in the other two variables.   The narrowing of the ACD observed in the morning 
coincides with the swelling of the cornea also observed on waking.  This ACD 
change is therefore consistent with a swelling of the cornea in the posterior 
direction, as has been previously reported.83  The amplitude of ACD change in 
the morning was larger than the amplitude of change in corneal thickness, 
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indicating that some anterior movement of the lens may also be present at first 
waking.   
 
Studies with rabbits2,40 and chicks3,10 have reported similar changes in ACD, with 
increases in ACD also noted at night.  Contrary to these studies with animals and 
to the results from our current study, the two previous studies investigating the 
diurnal variation of ACD in human subjects (both using relatively low resolution 
imaging techniques), reported either irregular changes in ACD with lowest values 
generally occurring at midday38 or a decrease in ACD at night.39  The reason for 
this discrepancy with the previous studies on human subjects may be due to the 
measurement techniques used, or the data collection protocols utilized in the 
different studies.  In our current study we took 6 measurements over 24 hours, as 
opposed to two measurements 12 hours apart39 or serial measurements between 
9am and 5 pm38 in the previous studies.    
 
Clinically, the measurement of ACD is important in a number of applications 
including planning of cataract surgery and the diagnosis and management of 
closed angle glaucoma.  All of our subjects had wide anterior chamber angles.  
However it is known that the physiological properties and anatomical 
characteristics of the anterior chamber are different in patients with angle closure 
glaucoma.84  Investigation of the pattern of diurnal variation in anterior chamber 
parameters with high resolution techniques in populations of subjects with narrow 
anterior chamber angles may be an area worthy of future research and may lead 
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to improved understanding of the patho-physiology underlying closed angle 
glaucoma. 
 
In summary we have found diurnal variation to occur in a range of ocular 
parameters over the period of 24 hours.  We also found that significant 
associations exist between the change in IOP and the change in axial length.  
Whilst the associations found are consistent with a passive expansion of the 
globe in response to IOP, they do not prove that IOP changes are causing the 
changes in axial length.  These results may have important implications for 
the role of ocular diurnal variations in emmetropization and ocular growth.   
 
 
Acknowledgements: 
The authors thank Miss Inez Hsing and Mr Andrew Tran for their assistance in 
the data collection and analysis procedures. 
 
 
 
 
 
 
 
 
 24
References 
 
1.  Weiss S, Schaeffel F.  Diurnal growth rhythms in the chicken eye: relation to 
myopia development and retinal dopamine levels.  J Comp Physiol A.  
1993;172(3):263-270. 
 
2.  Liu JHK, Farid H.  Twenty-four-hour change in axial length in the rabbit eye.  
Invest Ophthalmol Vis Sci.  1998;39(13):2796-2799. 
 
3.  Nickla DL, Wildsoet C, Wallman J.  Visual influences on diurnal rhythms in 
ocular length and choroidal thickness in chick eyes.  Exp Eye Res.  
1998;66(2):163-181. 
 
4.  Nickla DL, Wildsoet C, Wallman J.  The circadian rhythm in intraocular 
pressure and its relation to diurnal ocular growth changes in chicks.  Exp Eye 
Research.  1998;66(2):183-193. 
 
5.  Papastergiou GI, Schmid GF, Riva CE, Mendel MJ, Stone RA, Laties AM.  
Ocular axial length and choroidal thickness in newly hatched chicks and one-
year-old chickens fluctuate in a diurnal pattern that is influenced by visual 
experience and intraocular pressure changes.  Exp Eye Res. 1998;66(2):195-
205. 
 
 25
6.  Schmid GF, Papastergiou GI, Lin T, Riva C, Laties AM, Stone RA.  Autonomic 
denervations influence ocular dimensions and intraocular pressure in chicks.  
Exp Eye Res.  1999;68(5):573-581. 
 
7.  Nickla DL, Wildsoet CF, Troilo D.  Endogenous rhythms in axial length and 
choroidal thickness in chicks: implications for ocular growth regulation.  Invest 
Ophthalmol Vis Sci.  2001;42(3):584-588. 
 
8.  Nickla DL, Wildsoet CF, Troilo D.  Diurnal rhythms in intraocular pressure, 
axial length, and choroidal thickness in a primate model of eye growth, the 
common marmoset.  Invest Ophthalmol Vis Sci.  2002;43(8):2519-2528. 
 
9.  Nickla DL.  The phase relationships between the diurnal rhythms in axial 
length and choroidal thickness and the association with ocular growth rate in 
chicks.  J Comp Physiol A.  2006;192(4):399-407. 
 
10.  Tian Y, Wildsoet CF.  Diurnal fluctuations and developmental changes in 
ocular dimensions and optical aberrations in young chicks.  Invest Ophthalmol 
Vis Sci.  2006;47(9):4168-4178. 
 
11.  Stone RA, Quinn GE, Francis EL et al.  Diurnal axial length fluctuations in 
human eyes.  Invest Ophthalmol Vis Sci.  2004;45(1):63-70. 
 
 26
12.  Wilson LB, Quinn GE, Ying G et al.  The relation of axial length and 
intraocular pressure fluctuations in human eyes.  Invest Ophthalmol Vis Sci.  
2006;47(5):1778-1784. 
 
13.  Bar-Ilan A.  Diurnal and seasonal variations in intraocular pressure in the 
rabbit.  Exp Eye Res.  1984;39(2):175-181. 
 
14.  Aiharo M, Lindsey JD, Weinreb RN.  Twenty-four-hour pattern of mouse 
intraocular pressure.  Exp Eye Res.  2003;77(6):681-686. 
 
15.  Drance SM.  The significance of the diurnal tension variations in normal and 
glaucomatous eyes.  Arch Ophthalmol.  1960;64:494-501. 
 
16.  De Venecia G, Davis MD.  Diurnal variation of intraocular pressure in the 
normal eye.  Arch Ophthalmol.  1963;69:112-116. 
 
17.  Henkind P, Leitman M, Weitzman E.  The diurnal curve in man: new 
observations.  Invest Ophthalmol Vis Sci.  1973;12(9):705-707. 
 
18.  Phelps CD, Woolson RF, Kolker AE, Becker B.  Diurnal variation in 
intraocular pressure.  Am J Ophthalmol.  1974;77(3):367-377. 
 
 27
19.  Frampton P, Da Rin D, Brown B.  Diurnal variation of intraocular pressure 
and the overriding effects of sleep.  Am J Optom Physiol Opt.  1987;64(1):54-61. 
 
20.  Brown B, Burton P, Mann S and Parisi A.  Fluctuations in intra-ocular 
pressure with sleep: II. Time course of IOP decrease after waking from sleep.  
Ophthal Physiol Opt.  1988;8(3):249-252. 
 
21.  Wilensky JT.  Diurnal variations in intraocular pressure.  Tr Am Ophthalmol 
Soc.  1991;89:757-790. 
 
22.  David R, Zangwill L, Briscoe D, Dagan M, Yagev R, Yassur Y.  Diurnal 
intraocular pressure variations: an analysis of 6690 diurnal curves.  Br J 
Ophthalmol.  1992;76(5):280-283. 
 
23.  Buguet A, Py P, Romanet JP.  24-hour (nyctohemeral) and sleep-related 
variations of intraocular pressure in healthy white individuals.  Am J Ophthalmol.  
1994;117(3):342-347. 
 
24.  Pointer JS.  The diurnal variation of intraocular pressure in non-
glaucomatous subjects: relevance in a clinical context.  Ophthal Physiol Opt.  
1997;17(6):456-465. 
 
 28
25.  Liu JHK, Kripke DF, Hoffman RE et al.  Nocturnal elevation of intraocular 
pressure in young adults.  Invest Ophthalmol Vis Sci.  1998;39(13):2707-2712. 
 
26.  Liu JHK.  Diurnal measurement of intraocular pressure.  J Glaucoma.  2001; 
10(5): S39-S41. 
 
27.  Liu JHK, Bouligny RP, Kripke DF, Weinreb RN.  Nocturnal elevation of 
intraocular pressure is detectable in the sitting position.  Invest Ophthalmol Vis 
Sci.  2003;44(10):4439-4442. 
 
28.  Cashwell LF, Martin CA.  Axial length decrease accompanying successful 
glaucoma filtration surgery.  Ophthalmology.  1999;106(12):2307-2311. 
 
29.  Üretman Ö, Ateş H, Andaç K, Deli B.  Axial length changes accompanying 
successful nonpenetrating glaucoma filtration surgery.  Ophthalmologica.  
2003;217(3):199-203. 
 
30.  Phillips JR, McBrien NA.  Pressure-induced changes in axial eye length of 
chick and tree shrew: significance of myofibroblasts in the sclera.  Invest 
Ophthalmol Vis Sci.  2004;45(3):758-763. 
 
 29
31.  Francis BA, Wang M, Lei H et al.  Changes in axial length following 
trabeculectomy and glaucoma drainage device surgery.  Br J Ophthalmol.  
2005;89(1):17-20. 
 
32.  Leydolt C, Findl O, Drexler W.  Effects of change in intraocular pressure on 
axial eye length and lens position.  Eye. advance online publication 
19 January 2007; (doi:10.1038/sj.eye.6702709) 
 
33.  Mertz GW.  Overnight swelling of the living human cornea.  J Am Optom 
Assoc.  1980;51(3):211-214. 
 
34.  Kiely PM, Carney LG and Smith G.  Diurnal variations of corneal topography 
and thickness.  Am J Optom Physiol Opt.  1982;59(12):976-982. 
 
35.  Harper CL, Boulton ME, Bennett D, Marcyniuk B, Jarvis-Evans JH, Tullo AB 
and Ridgway AE.  Diurnal variations in human corneal thickness.  Br J 
Ophthalmol.  1996;80(12):1068-1072. 
 
36.  Feng Y, Varikooty J and Simpson TL.  Diurnal variation of corneal and 
corneal epithelial thickness measured using optical coherence tomography.  
Cornea.  2001;20(5):480-483. 
 
 30
37.  Du Toit R, Vega JA, Fonn D and Simpson T.  Diurnal variation of corneal 
sensitivity and thickness.  Cornea.  2003;22(3):205-209. 
 
38. Bleeker GM.  Serial recordings of the depth of the anterior chamber.  Arch 
Ophthalmol.  1960;63:821-829. 
 
39.  Mapstone R, Clark CV.  Diurnal variation in the dimensions of the anterior 
chamber.  Arch Ophthalmol.  1985;103(10):1485-1486. 
 
40.  Larsson L-I, Brubaker RF.  Diurnal change of anterior chamber depth in 
rabbits.  Acta Ophthalmol Scand.  1995;73(6):534-536. 
 
41.  Shah S, Chatterjee A, Mathai M, Kelly SP, Kwartz J, Henson D, Mcleod D.  
Relationship between corneal thickness and measured intraocular pressure in a 
general ophthalmology clinic.  Ophthalmol.  1999;106(11):2154-2160. 
 
42.  Doughty MJ, Zaman ML.  Human corneal thickness and its impact on 
intraocular pressure measures: A review and Meta-analysis approach.  Surv 
Ophthalmol.  2000;44(5):367-408. 
 
 
 
 31
43.  Eysteinsson T, Jonasson F, Sasaki H, Arnarsson A, Sverrisson T, Sasaki K 
et al.  Central corneal thickness, radius of the corneal curvature and intraocular 
pressure in normal subjects using non-contact techniques: Reykjavik eye study.  
Acta Ophthalmol Scand.  2002;80(1):11-15. 
 
44.  Bhan A, Browning AC, Shah S, Hamilton R, Dave D, Dua H.  Effect of 
corneal thickness on intraocular pressure measurements with the 
pneumotonometer, Goldmann applanation tonometer and Tono-pen.  Invest 
Ophthalmol Vis Sci.  2002;43(5):1389-1392. 
 
45.  Ko Y-C, Liu CJ-I, Hsu W-M.  Varying effects of corneal thickness on 
intraocular pressure measurements with different tonometers.  Eye.  
2005;19(3):327-332. 
 
46.  Tonnu P-A, Ho T, Newson T, El Sheikh A, White E, Bunce C, Garway-Heath 
D.  The influence of central corneal thickness and age on intraocular pressure 
measured by pneumotonometry, non-contact tonometry, the Tono-Pen XL and 
Goldmann applanation tonometry.  Br J Ophthalmol.  2005;89(7):851-854. 
 
47.  Kaufmann C, Bachmann LM, Thiel MA.  Comparison of dynamic contour 
tonometry with goldmann applanation tonometry.  Invest Ophthalmol Vis Sci.  
2004;45(9):3118-3121. 
 
 32
48.  Kanngiesser HE, Kniestedt C, Robert YCA.  Dynamic contour tonometry.  
Presentation of a new tonometer.  J Glaucoma.  2005;14(5):344-350. 
 
49.  Kotecha A, White ET, Shewry JM, Garway-Heath DF.  The relative effects of 
corneal thickness and age on Goldmann applanation tonometry and dynamic 
contour tonometry.  Br J Ophthalmol.  2005;89(12):1572-1575. 
 
50.  Schneider E, Grehn F.  Intraocular pressure measurement – comparison of 
dynamic contour tonometry and Goldmann applanation tonometry.  J Glaucoma.  
2006;15(1):2-6. 
 
51.  Carlson KH, Mclaren JW, Topper JE, Brubaker RF.  Effect of body position 
on intraocular pressure and aqueous flow.  Invest Ophthalmol Vis Sci.  
1987;28(8):1346-1352. 
 
52.  Linder BJ, Trick JL, Wolf ML.  Altering body position affects intraocular 
pressure and visual function.  Invest Ophthalmol Vis Sci.  1988;29(10):1492-
1497. 
 
53.  Hitzenberger CK.  Optical measurement of the axial eye length by laser 
Doppler interferometry.  Invest Ophthalmol Vis Sci.  1991;32(3):616-624. 
 
 33
54.  Lam AKC, Chan R, Pang PCK.  The repeatability and accuracy of axial 
length and anterior chamber depth measurements from the IOLMaster.  Ophthal 
Physiol Opt.  2001;21(6):477-483.  
 
55.  Santodomingo-Rubido J, Mallen EAH, Gilmartin B and Wolffsohn.  A new 
non-contact optical device for ocular biometry.  Br J Ophthalmol.  
2002;86(4):458-462. 
 
56.  Sheng H, Bottjer CA, Bullimore MA.  Ocular component measurement using 
the Zeiss IOLMaster.  Optom Vis Sci.  2004;81(1):27-34. 
 
57.  Lackner B, Schmidinger G, Pieh S, Funovics MA, Skorpic C.  Repeatability 
and reproducibility of central corneal thickness measurement with pentacam, 
orbscan and ultrasound.  Optom Vis Sci.  2005;82(10):892-899. 
 
58.  O’Donnell C, Maldona-Codina C.  Agreement and repeatability of central 
thickness measurement in normal corneas using ultrasound pachymetry and the 
oculus pentacam.  Cornea.  2005;24(8):920-924. 
 
59.  Barkana Y, Gerber Y, Elbaz U et al.  Central corneal thickness measurement 
with the pentacam scheimpflug system, optical low-coherence reflectometry 
pachymeter, and ultrasound pachymetry.  J Cataract Refract Surg.  
2005;31(9):1729-1735. 
 34
60.  Shankar H, Taranath D, Santhirathelagan CT, Pesudovs K.  Anterior 
segment biometry with the Pentacam: Comprehensive assessment of 
repeatability of automated measurements.  J Cataract Refract Surg.  
2008;34(1):103-113. 
 
61.  Lackner B, Schmidinger G, Skorpik C.  Validity and reliability of anterior 
chamber depth measurement with pentacam and orbscan.  Optom Vis Sci.  
2005;82(9):858-861. 
 
62.  Meinhardt B, Stachs O, Stave J, Beck R, Guthoff R.  Evaluation of biometric 
methods for measuring the anterior chamber depth in the non-contact mode.  
Graefes Arch Clin Exp Ophthalmol.  2006:244(5);559-564. 
 
63.  Rabsilber TM, Khoramnia R, Auffarth GU.  Anterior chamber measurements 
using Pentacam rotating Scheimpflug camera.  J Cataract Refract Surg.  
2006;32(3):456-459. 
 
64.  Kniestedt C, Nee M, Stamper RL.  Dynamic contour tonometry.  A 
comparative study on human cadaver eyes.  Arch Ophthalmol.  
2004;122(9):1287-1293. 
 
 35
65.  Bland JM, Altman DG.  Calculating correlation coefficients with repeated 
observations: Part 1 – correlation within subjects.  Br Med J.  
1995;310(6977):446. 
 
66.  Refinetti R, Cornelissen G, Halberg F.  Procedures for numerical analysis of 
circadian rhythms.  Biol rhythm res.  2007;38(4):275-325. 
 
67.  Nickla DL, Rada JA, Wallman J.  Isolated chick sclera shows a circadian 
rhythm in proteoglycan synthesis perhaps associated with the rhythm in ocular 
elongation.  J Comp Physiol A.  1999;185(1):81-90. 
 
68.  Liu JHK, Kripke DF, Twa MD et al.  Twenty-four-hour pattern of intraocular 
pressure in young adults with moderate to severe myopia.  Invest Ophthalmol Vis 
Sci.  2002;43(7):2351-2355. 
 
69.  Kida T, Liu JHK, Weinreb RN.  Effect of 24-hour corneal biomechanical 
changes on intraocular pressure measurement.  Invest Ophthalmol Vis Sci.  
2006;47(10):4422-4426. 
 
70.  Noël C, Kabo AM, Romanet J-P, Montmayer A, Buguet A.  Twenty-four-hour 
time course of intraocular pressure in healthy and glaucomatous Africans: 
Relation to sleep patterns.  Ophthalmol.  2001;108(1):139-144. 
 
 36
71.  Liu JHK, Zhang X, Kripke DF, Weinreb RN.  Twenty-four-hour intraocular 
pressure pattern associated with early glaucomatous changes.  Invest 
Ophthalmol Vis Sci.  2003;44(4):1586-1590. 
 
72.  Tajunisah I, Reddy SC, Fathilah J.  Diurnal variation of intraocular pressure 
in suspected glaucoma patients and their outcome.  Graefe’s Arch Clin Exp 
Ophthalmol.  2007;245(12):1851-1857. 
 
73.  Ziemer RC, Wilensky JT, Gieser DK, Viana MAG.  Association between 
intraocular pressure peaks and progression of visual field loss.  Ophthalmol.  
1991;98(1):64-69. 
 
74.  Ishida K, Yamamoto T, Kitazawa Y.  Clinical factors associated with 
progression of normal-tension glaucoma.  J Glaucoma.  1998;7(6):372-377. 
 
75.  Asrani S, Ziemer R, Wilensky J, Gieser D, Vitale S, Lindenmuth K.  Large 
diurnal fluctuations in intraocular pressure are an independent risk factor in 
patients with glaucoma.  J Glaucoma.  2000;9(2):134-142. 
 
76.  Hamilton KE, Pye DC, Aggarwala S, Evian S, Khosla J, Perera R.  Diurnal 
variation of central corneal thickness and Goldmann applanation tonometry 
estimates of intraocular pressure.  J Glaucoma.  2007;16(1):29-35.  
 
 37
77.  Claridge KG, Smith SE.  Diurnal variation in pulsatile ocular blood flow in 
normal and glaucomatous eyes.  Surv Ophthalmol.  1994;38:S198-S205. 
 
78.  Lam AKC, Wong S, Lam CSY, To C-H.  Daytime variation of pulsatile ocular 
blood flow (POBF) in normal Chinese.  Clin Exp Optom.  2001;84(4):190-194. 
 
79.  Pourjavan S, Boëlle P-Y, Detry-Morel M, DePotter P.  Physiological diurnal 
variability and characteristics of the ocular pulse amplitude (OPA) with the 
dynamic contour tonometer (DCT-Pascal).  Int Ophthalmol.  2007;27(6):357-360. 
 
80.  To’mey KF, Faris BM, Jalkh AE, Nasr AM.  Ocular pulse in high myopia: A 
study of 40 eyes.  Ann Ophthalmol.  1981;13(5):569-571. 
 
81.  Kaufmann C, Bachmann LM, Robert YC, Thiel MA.  Ocular pulse amplitude 
in healthy subjects as measured by dynamic contour tonometry.  Arch 
Ophthalmol.  2006;124(8):1104-1108. 
 
82.  Punjabi OS, Ho H-K V, Kniestedt C, Bostrom AG, Stamper RL, Lin SC.  
Intraocular pressure and ocular pulse amplitude comparisons in different types of 
glaucoma using dynamic contour tonometry.  Curr Eye Res.  2006;31(10):851-
862. 
 
 38
83.  Erickson P, Comstock TL, Doughty MJ, Cullen AP.  The cornea swells in the 
posterior direction under hydrogel contact lenses.  Ophthal Physiol Opt.  
1999;19(6):475-480. 
 
84.  Quigley HA, Friedman DS, Congdon NG.  Possible mechanisms of primary 
angle-closure and malignant glaucoma.  J Glaucoma.  2003;12(2):167-180. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 39
FIGURES AND TABLES: 
Figure 1:  Mean change in axial length (top), IOP (middle) and OPA (bottom) 
over the 24 hour measurement period.  All values expressed as the average 
difference from the daily mean at each measurement session.  Vertical error bars 
represent the standard error of the mean, whereas the horizontal error bars 
represent the standard error in the mean time that the measurement was taken 
at each session (in hours) 
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Figure 2:  Mean change in CCT, ACD and axial length over the 24 hour study 
period.  All values expressed as the average difference from the daily mean at 
each measurement session.  
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Figure 3: Change in axial length versus change in IOP.  Difference in IOP from 
each individual subject’s mean daily IOP at each measurement session plotted 
against the difference in axial length from each subject’s individual mean daily 
axial length at each measurement session. 
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Table 1:  Summary of group mean levels and amplitude of change for axial 
length, DCT measures and anterior eye biometrics.  P-values of the F statistic 
from repeated measures ANOVA are displayed 
 
Variable Mean ± SD 
Mean measured 
amplitude of 
change ± SD 
p-value 
Axial length (mm) 23.77 ± 0.7 0.046 ± 0.022 0.0006 
IOP (mmHg) 14.49 ± 1.7 3.12 ± 0.94 <0.0001 
OPA (mmHg) 2.10 ± 0.79 1.27 ± 0.44 0.0006 
CCT (mm) 0.532 ± 0.029 0.018 ± 0.008 <0.0001 
ACD (mm) 3.16 ± 0.27 0.073 ± 0.037 0.0368 
ACV (mm3) 187.1 ± 30.1 15.10 ± 6.95 <0.0001 
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Table 2:  Summary of analysis of covariance investigating the relationship 
between the variation in axial length and the other measured variables.  Note that 
the p-value represents the significance of the F statistic from the ANCOVA. 
 
 
VARIABLE 
Regression 
coefficient 
(slope) 
Correlation 
coefficient 
(r) 
Significance 
‘p’ 
Δ IOP 0.0059 0.370 0.001 
Δ OPA 0.0109 0.300 0.009 
Δ ACD -0.143 -0.232 0.045 
Δ CCT 0.180 0.068 0.563 
Δ ACV -0.0002 -0.056 0.637 
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Table 3: Summary of sine curve modeling of the 24 hour rhythm in axial length, 
IOP, OPA, CCT and ACD. 
VARIABLE 
Sine wave modelling 
Peak to trough difference Acrophase (time) 
Rayleigh 
test 
Mean  
± SD 
Range 
Mean  
± SD 
Range p-value 
Axial Length 
0.029  
± 0.015 
0.005 – 0.06 
11:13  
± 3:27 
5:50 – 16:37 0.0015 
IOP 
2.27  
± 0.89 
0.47– 3.64 
10:23  
± 3:31 
5:13 – 15:36 0.019 
OPA 
1.04  
± 0.41 
0.39 – 1.75 
11:30  
± 3:17 
7:03 – 15:20 0.0010 
CCT 
0.013  
± 0.007 
0.001 – 0.023 
4:49  
± 2:15 
0:53 – 11:00 0.00002 
ACD 
0.048  
± 0.026 
0.015 – 0.099 
19:13  
± 4:04 
12:32 – 2:58 0.0077 
ACV 
10.56  
± 6.15 
2.11 – 22.06 
15:04  
± 3:39 
3:19 – 18:32 0.0001 
 
 
